Recent advances in in vivo neuroimaging have encouraged the development of noninvasive methods using near-infrared (NIR) light. The low resolution images through the skull with traditional NIR-I (700-1000 nm) were improved by the use of NIR-II (1000-1400 nm) because of reduced light scattering, weak autouorescence, and low light absorption by intrinsic molecules such as hemoglobin and water. Nevertheless, there are few reports on the photon behaviors for this wavelength range within the brain. Using a Monte Carlo model, we analyzed the photon behaviors of NIR-II uorescence within a heterogeneous medium that simulates the complex system of the brain and its surrounding structures. The system was modeled as a three-layered medium having optical parameters speci c to skull, cerebrospinal uid, and cortex. Photons that were assigned a weight equal to unity entered vertically through the skull surface. The weight of photons in a 100-μm depth from the cortex surface was evaluated. Quantum dots within a limited area were most ef ciently excited by photons at 785 nm among three excitation wavelengths. Excitation ef ciency of 670 nm against 785 nm was 93%. In the case of 488 nm, the ef ciency was 73%. When quantum dots emitted uorescence dependent on the excitation ef ciency, on-axis coaxial uorescence at 1300 nm was most ef ciently detected by the image sensor. Emission ef ciency of 720 nm against 1300 nm was 75%. In the case of 520 nm, the ratio was 48%. Furthermore, the angular dependence indicated more near ballistic uorescence photons at 1300 nm than at 720 and 520 nm. Therefore, uorescence photons at 1300 nm allow brighter and clearer imaging of vascular system in a 100-μm depth from the cortex surface using this optical system, compared with photons at 720 and 520 nm. The results obtained from this simulation are consistent with imaging data through intact mouse skull in a previous report.
Introduction
Near infrared region (NIR)-II from 1000 to 1400 nm has received a lot of attention since the pioneering work on in vivo imaging with carbon nanotubes by Dai s group [1] . In contrast to NIR-I from 700 to 900 nm which was used to monitor oxygen metabolism noninvasively (absorption changes in oxyhemoglobin and deoxyhemoglobin), absorption of intrinsic biomolecules in NIR-II is very weak [2, 3] . Thus both auto uorescence and light scattering are also very weak. These favorable properties suggest the potential for remarkable improvement of image quality of in vivo neuroimaging and imaging of deeper tissues. Hence we developed the quantum dots that are brighter than carbon nanotubes [4] . When the quantum dots were injected through the tail vein of mouse, the cerebral vascular system was clearly observed. This noninvasive in vivo neuroimaging method was proposed as the new angiography. In spite of the advantage of NIR-II uorescence, there are few reports on numerical approximation of the photon behaviors in tissues compared with that of NIR-I photon behaviors [5] . In this study, we quantitatively validated the effectivity of NIR-II in in vivo neuroimaging of mouse cerebral vascular system using a Monte Carlo model. In the simulation, a heterogeneous structure of the mouse brain with surrounding tissues was modeled by three layers with optical parameters speci c to each tissue. In addition to NIR-II and NIR-I, visible region (VIS) from 400 to 700 nm was examined for comparison.
Methods
In previous studies, light transport in tissue was numerically approximated mainly by Monte Carlo simulation and diffusion theory, but the latter was not useful in the heterogeneous model [5] [6] [7] . Because the light of NIR-II reaches deep tissues, we adopted a three-layered Monte Carlo model containing the skull, cerebrospinal uid (CSF), and cortex. Incident photon delivered to the layered material is rst scattered and absorbed in the interaction site. Fluorescence is emitted when a uorescent molecule absorbs the energy of photon. Based on the quantum yield, it emits a uorescence photon with longer wavelength after intramolecular relaxation. To simulate uorescence, we adopted the following assumptions. (i) Fluorescence intensity is linearly proportional to the energy of excitation photons. This assumption is justi ed since nonlinear phenomena such as two-or multi-photon excitation hardly occurs in CW laser [4] . (ii) Quantum yield of quantum dots used in this study is unity. This is a good approximation for simple handling of the calculations because NIR-emitting quantum dots with high quantum yield (>90%) have been reported [8] .
The uorescence Monte Carlo model was developed essentially following the concepts outlined by Welch et al [9] . In this study, the model consisted of three parts. The rst part was the simulation of photon propagation at the excitation wavelength with the corresponding optical properties, based on the computation routines of Wang et al [10] . The weight of excitation photon was decreased at each interaction site. In the second part, the weight was inherited by the uorescence photon. The third part was the simulation of photon propagation at the emission wavelength.
The geometry of the model is outlined in Fig. 1 . A point source was located at the plane surface of the turbid medium, namely the skull. The photons were collected at a light axis-detector separation r. In brief, each layer was in nitely wide and each thickness was set at 100 μm based on anatomical property of mouse. In addition to NIR-II uorescence (Ex 785/Em 1300), as shown in Table 1, each layer had optical parameters speci c for tissues in the wavelength bands of NIR-I (Ex 670/Em 720) and VIS (Ex 488/Em 520) for comparison [4] . Total absorption coef cient of each wavelength was calculated using average blood volume fraction (0.002), oxygen saturation (0.75), absorption coef cients of oxyhemoglobin and deoxyhemoglobin, water content (0.7), and absorption coef cient of water [11] .
An in nitely narrow beam consisting of a million photons entered from the surface of skull. Pathlength to a photon-tissue interaction was calculated by random number and total attenuation coef cient μ t = μ s + μ a .
Each photon had an initial weight corresponding to 1. When photons reached an interaction site, they lost μ a /μ t of the weight. Toward the next interaction site, an isotropic azimuth and a zenith angle with highly forward scattering property were generated using different random numbers. When photons crossed the boundary between two layers, they were re ected or transmitted according to Fresnel re ectance calculated using refractive indices of each layer. As photons entering from skull reached a depth of 100 μm from the cortex surface, quantum dots were excited and became a new light source that emitted isotropic uorescence dependent on the sum of photon weight in the depth. Using an optical system equivalent to an epi uorescence macro zoom microscope, on-axis coaxial uorescence was captured by an image sensor.
Results and Discussion

Excitation
When excitation wavelength became short, sum of the weights of photons near the axis within r = 50 μm per unit area decreased. The ratio of the weight sum at 670 nm to the sum at 785 nm was 93% (data not shown). In the case of 488 nm, the ratio was 73%. As for photons detected in the range between r = 50 and 100 μm, the epi uorescence optical system. Each layer has optical parameters (refractive index n, scattering coefcient μ s , and absorption coef cient μ a ) speci c to the skull, cerebrospinal uid, or cortex (see Table 1 ). Photons emitted by a laser (a) illuminate the skull surface via a dichroic mirror (b). Photons reaching 100-μm depth from the cortex surface excite quantum dots within the area with radius r. An image sensor (c) receives on-axis coaxial uorescence photons emitted by the quantum dots. Number of photons with the exiting angle θ to the axis was counted.
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(106) normalized weight sum against that of photons within r = 50 μm decreased less than 20% (Fig. 2) . The normalized sum decreased with farther detection range. This is consistent with the highly forward scattering property of tissues. The propagation property indicated more near ballistic excitation photons at 785 nm than at 670 and 488 nm; the trajectories within a tissue at 785 nm were only partially de ected by scattering.
Emission
To characterize NIR-II uorescence (1300 nm) emitted in the cortex, on-axis coaxial million photons were emitted at 100-μm depth of the cortex toward the skull. In reality, uorescence was emitted isotropically. Thus a few uorescent photons emitted by quantum dots away from the axis were probably received by the image sensor though the epi uorescence macro zoom microscope. In this study, such photons were neglected in order to simplify the model as a rst step. As described in the method section, uorescence was proportional to excitation. The numbers of emitting photons dependent on weight sum in excitation were 9.2 × 10 5 for NIR-I (720) and 7.3 × 10 5 for VIS (520) uorescence. As shown in Fig. 3A , the number of photons of near on-axis coaxial uorescence (within θ = 5 degrees) was the greatest for all three wavelengths. As the detecting angle increased, less photons were detected (inset). The number of photons in the detecting range between 10 and 15 degrees decreased less than 40%. There were little photons with detecting angles larger than 45 degrees. Numerical aperture (NA) of the epi uorescence macro zoom microscope used in our previous report was 0.25, indicating that the range of detection angle was between 0 and 15 degrees [4] . As shown in Fig. 3B , the number of photons of near on-axis coaxial uorescence (within 15 degrees) was the largest at 1300 nm and was 4.8 × 10 5 . The ratio of the number of photons at 720 nm to that at 1300 nm was 75%. In the case of 520 nm, the ratio was 48%. The angular dependence indicated more near ballistic uorescence photons at 1300 nm than at 720 and 520 nm. This optical system allows preferential collection of these near ballistic uorescence photons relative to diffusely scattered uorescence photons. Therefore, uorescence photons at 1300 nm permit brighter and clearer imaging of the vascular system near the cortex surface using this optical system, compared with photons at 720 and 520 nm. Because the scattering coef cient decreases with increasing wavelength to NIR-II, emission ef ciency at 1300 nm was the highest. In the next work, we will perform a three-layered optical phantom experiment with light scattering materials including hemoglobin to validate the usefulness of NIR-II for in vivo imaging. Table 1 Optical parameters of tissues used in this simulation for NIR-II, NIR-I, and VIS. Regardless of wavelength, anisotropy g of skull and cortex was assumed to be 0.9, and g of CSF and air to be 1 (μ s = (1-g) μ s ). Other parameters of air were n = 1, μ s = 0, and μ a = 0.001. Values of the parameters were according to references [11] [12] [13] . 
3.3
Comparison of the simulation to in vivo neuroimaging When quantum dots emitting uorescence at 1300 nm were injected into the tail vein of mouse, left and right transverse sinuses and sagittal sinus were clearly observed in our previous study [4] . An enlarged image indicated the uorescence signals of blood owing from many venules into the tail vein. Furthermore dot-like signals on the image were expected to be venules arranged perpendicular to the cortex surface along a cortical column. In the case of 720 nm uorescence, sagittal and transverse sinuses were unclear and appeared as a blur. No other vascular structures such venules were observed. In uorescence imaged at 520 nm, there were no structures. From the two viewpoints of brightness and clearness, therefore, the results obtained in this simulation are supported by the previous study [4] .
Conclusions
Quantum dots within a limited area were excited most ef ciently by photons at 785 nm among the three excitation wavelengths studied. Excitation ef ciency of 670 nm against 785 nm was 93%. In the case of 488 nm, the ef ciency was 73%. Emission ef ciency of 720 nm against 1300 nm was 75%. In the case of 520 nm, the ratio was 48%. Furthermore, the angular dependence indicated more near ballistic uorescence photons at 1300 nm than at 720 and 520 nm. Therefore, uorescence photons at 1300 nm allow brighter and clearer imaging of the vascular system near the cortex surface using this optical system, compared with photons at 720 and 520 nm. Quantum dots emitting at 1300 nm in NIR-II is suitable for noninvasive imaging of mouse cerebral vascular system at a depth of 100 μm from the cortex surface.
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